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Abstract. Ti-6Al-4V alloy is the most relevant titanium alloy, finding applications in multiple high-
value industries. The production of Ti-6Al-4V components by selective laser melting is particularly 
challenging, due to the highly localized heat input and large temperature gradients, which affect the 
material’s microstructure and final mechanical properties. The main objective of this work is to 
develop a metallurgical framework able to describe the solid-state phase transformations of  
Ti-6Al-4V during processing. The predicted volume fraction of each solid phase is used to estimate 
strains induced by the thermal cycle and the phase transformations independently. The presented 
numerical model considers a single finite element subjected to heat fluxes that impose two sequential 
heating/cooling cycles, replicating the laser movement. The numerical results emphasize the 
importance of predicting phase volume fraction fields for an accurate estimation of the material’s 
volume change. In fact, changing the heating/cooling rates resulted in completely different final 
microstructures and a 0.5% difference on the material’s volume change relative to its initial volume, 
which would correspond to a stress increment of approximately 200 MPa if the linear elastic material 
was fully constrained. 

Introduction 

Currently, Selective Laser Melting (SLM) is one of the main additive manufacturing processes for 
the production of metallic components. This process is highly complex and governed by multiple 
competing physical effects, requiring the fine-tuning of numerous process parameters to avoid part 
defects or even failure. Among the metallic materials processed by SLM, the Ti-6Al-4V alloy is one 
of the most relevant in the market, finding applications in multiple high-value industries [1]. The 
evolution of the microstructure of Ti-6Al-4V parts can be particularly complex, since the SLM 
process is associated with an extremely localized heat input and high temperature gradients [2]. 
According to the thermal history, the microstructure can contain α, β and α’ martensite. Although not 
very commonly, small volume fractions of α″ martensite can also be found in regions enriched with 
β-stabilizing elements (such as vanadium, V) [3]. Typically, at room temperature, as-built parts 
consist predominantly of α’ martensite, since the high cooling rates promote the martensitic 
transformation from the β phase [4]. Nevertheless, under a combination of specific process 
parameters, the in-process temperatures and the time at high temperatures during the thermal cycles 
can be increased, promoting the decomposition of α’ into α and β phases [5][6]. 

Since the complex thermal cycles imposed on the material are directly related to the resulting 
microstructure, numerical simulations of the SLM process should include the microstructure 
prediction. This is achieved by incorporating a metallurgical framework in the classical thermo-
mechanical model. Following this approach, it is possible to determine the final part properties from 
the meso-scale analysis of the SLM process, ensuring fundamental understanding of the process-
structure-property-performance link, which provides the basis for the process optimization [7]. One 
of the most common options to describe the evolution of the solid phases of a material is by adopting 
phenomenological models. Tan et al. [8] developed a multi-track multi-layer thermo-metallurgical-
mechanical model for SLM simulation of Ti-6Al-4V builds. The numerical results showed that the 
consideration of solid-state phase transformations led to the decrease of tensile residual stresses and 
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the increase of compressive residual stresses. Fan et al. [9] developed a thermo-metallurgical-
mechanical model to study the laser forming of Ti-6Al-4V, considering the effect of solid-state phase 
transformations on the material’s flow behavior. Moreover, several plates were laser scanned and 
their bending angles were experimentally measured. The numerically predicted phase volume 
fractions and bending angles were shown to be in good agreement with the experimental results. 

In this work, a metallurgical framework to predict the microstructure evolution of the Ti-6Al-4V 
alloy is integrated in a thermo-mechanical finite element model. Three solid phases are considered: 
α, β and α’. The martensitic transformation is modelled using an adapted Koistinen-Marburger 
equation [10], valid for arbitrary thermal histories. The diffusional transformations are modelled 
using a modified Johnson-Mehl-Avrami equation [11], able to describe non-isothermal conditions. 
The thermal problem is solved and its solution is used as input to the equations that describe the phase 
transformations, which provide the evolution of the volume fraction of each phase. In turn, these 
values influence the mechanical model via the thermal strain and the volume change strain associated 
to each transformation. To better isolate the effect of the solid phase transformations, all material 
properties are assumed temperature independent with exception of the thermal expansion coefficients. 
The numerical model considers a single finite element subjected to heat fluxes that impose the desired 
temperature evolution, replicating the laser motion. 

Microstructure of Ti-6Al-4V Alloy 
At room temperature, the microstructure of Ti-6Al-4V is composed of hexagonal close-packed 

(hcp) α and body-centered cubic (bcc) β phases. Despite being a high temperature phase, the β phase 
is present at room temperature due to the effect of vanadium, which acts as a β-stabilizer element. 

If the material is heated up to liquid state and then cooled, it will solidify entirely to β phase. 
Between the melting point and the so-called β-transus temperature only β phase exists. Slow cooling 
below this temperature promotes the β → α transformation through a diffusional mechanism. If the 
cooling rate is high enough, the β phase undergoes a non-diffusional transformation, originating a 
supersaturated hexagonal α’ martensite [12]. However, the transformation only starts when the 
temperature is lower than the martensite start temperature. Since this temperature is affected by the 
alloying elements, different values have been reported in the literature, ranging from 575 °C to  
800 °C [5]. Cooling rates above 410 °C/s originate a fully martensitic microstructure; cooling rates 
between 410 and 20 °C/s lead to incomplete transformation to α′ and for cooling rates lower than  
20 °C/s no α′ is formed [13]. 

Heating a microstructure consisting of α + β promotes the α → β diffusional transformation. If the 
material is quenched from the α + β region and there is a high enough concentration of β-stabilizers 
in the β phase, a second type of martensite can be formed, known as α’’ [14]. This martensite is a 
supersaturated orthorhombic phase, rarely observed in Ti-6Al-4V, due to the low vanadium content. 
If heated, both α’ and α’’ decompose into α and β phases, through a diffusional transformation [12]. 

Thermo-Metallurgical-Mechanical Modelling 
In the present study, the metallurgical framework to evaluate the solid-state phase transformations 

in the Ti-6Al-4V alloy is integrated in a 3D thermo-mechanical model. This approach enables the 
evaluation of the transient temperature field, the volume fraction of each solid phase and the resulting 
stress distribution that fulfill the mechanical equilibrium. 

Thermal model. The differential equation that governs the transient heat conduction within a 
continuous medium with arbitrary volume can be derived from the first law of thermodynamics. 
Assuming that there is no volumetric heat generation, this equation can be expressed as: 

2 2 2

p2 2 2 ρ
 ∂ ∂ ∂ ∂

+ + = ∂ ∂ ∂ ∂ 

T T T Tk c
x y z t

, (1) 
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where k is the thermal conductivity coefficient, ρ denotes the mass density and cp is the specific heat. 
The solution of this equation provides the distribution of the transient spatial temperature T(x,y,z,t). 

Metallurgical framework. The metallurgical model considers three solid phases: α, β and α’. 
According to the temperature and heating/cooling rate conditions, four transformations can occur 
between the phases: a martensitic transformation and three diffusional transformations. 

The martensitic transformation, β → α’, is modelled using the equation of Koistinen-Marburger 
[10]. Under arbitrary thermal histories and using a backward Euler integration, the evolution of the 
volume fraction (f) of martensite can be expressed as [15]: 

( )rα' β 0 β α' 0
α'

( ) ( ) ( )
( )

1

γ

γ

− ∆ − +
+ ∆ =

− ∆

f T T f T f f T
f T T

T
, (2) 

where γ is the transformation coefficient (which is assigned the value of 0.015 ºC-1), T0 is the 
temperature at the beginning of the current cooling cycle and rβf  is the volume fraction of the retained 
β phase. The latter can be determined based on the initial amount of β using the following relation: 

r

β 0 β 0
β

β 0 β 0

( ) , ( ) 0.25
0.25 (1 ( )) , ( ) 0.25

<
=  − ≥

f T f T
f

f T f T
. (3) 

It is assumed that the martensitic transformation only occurs if the cooling rate is greater than or equal 
to 410 ºC/s. Moreover, the martensitic start temperature is set to 650 ºC [16]. 

All the diffusional transformations are modelled using an adapted version of the original Johnson-
Mehl-Avrami equation [11], able to describe non-isothermal conditions. This is achieved by using 
the additivity rule, where continuous cooling is replaced by a series of small consecutive isothermal 
steps [17]. Thus, the decomposition of α’ (α’ → α + β) can be expressed as [15]: 

( ) ( )( ) ( )1 eq
α' 1 α' α'1 1 exp 1ζ + ∆ = − − − + ∆ −

 
nf T T k t f , if eq

α' α'>f f , (4) 

where k1 is the reaction rate constant, n1 is the Avrami exponent, Δt is the time step size, eq
α'f  is the 

equilibrium volume fraction of martensite and α'ζ  is the fictitious time which would provide the same 
amount of transformation that results in volume fraction α' ( )f T , at a constant temperature + ∆T T , 
defined as: 

1

1
eq

α' α'
α' eq

1 α'

( )1 ln
1

ζ
  −

= −  −  

nf T f
k f

. (5) 

The values of the parameters k1 and n1 adopted in this work were determined by Mur et al. [18]. 
Heating up the martensite leads to its decomposition into equilibrium proportions of α and β, i.e.: 

( ) ( ) ( )eq
α α' α,0∆ + ∆ = −∆ + ∆ + ∆f T T f T T f T T , (6) 

( ) ( ) ( )eq
β α' β,0∆ + ∆ = −∆ + ∆ + ∆f T T f T T f T T , (7) 

where eq
α,0f  and eq

β,0f  are the equilibrium volume fractions of α and β in a microstructure containing 
only these two phases. These volume fractions are determined using the following equations [19]: 

( ) β-transus3 4 β-transuseq
α,0

β-transus

,1 exp( ( ))
( )

,0

 ≤− − −=  >

T Tc c T T
f T

T T
, (8) 
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eq eq
β,0 α ,0( ) 1 ( )= −f T f T , (9) 

where the constants assume the values c3 = 0.925, c4 = 0.0085 ºC-1 and Tβ-transus is 980 ºC. 
If the microstructure contains α’, the equilibrium volume fraction of β depends on the volume 

fraction of α’ as follows: 

eq eq
β β,0 α'( ) ( ) (1 )= −f T f T f . (10) 

The equilibrium volume fraction of α’ is approximated by [20]: 

eq 1
α '

2

1( ) 1 tanh
2
  −

= +     

c Tf T
c

, (11) 

where the constants assume the values c1 = 450 ºC and c2 = 80 ºC. 
The α → β and β → α transformations are described, respectively, by [15]: 

( ) ( )( )2h eq
β 2 β β1 exp ζ + ∆ = − − + ∆  

n
f T T k t f , if eq

β β ( )< + ∆f f T T , (12) 
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where h
βζ  (heating) and c

βζ  (cooling) are given, respectively, by: 
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The parameters k2 and n2 adopted in this work were determined by Malinov et al. [21]. 
In the proposed metallurgical framework, the cooling rate dictates either β → α or β → α’ during 

a cooling cycle. During heating, both α → β and α’ → α + β can occur. 
Mechanical model. In order to obtain the mechanical response of the material, the quasi-static 

mechanical analysis is carried out using the current temperature field (obtained from the thermal 
analysis) and the volume fractions of the solid phases (given by the metallurgical model). The balance 
of linear momentum in any point of a solid body is given by: 

div( ) + =σ b 0 , (16) 

where σ is the stress tensor and b are the body forces, which are neglected in the present model. The 
total strain increment is given by the sum of the following terms: 

total e p th sspt= + + +ε ε ε ε ε , (17) 

where eε  is the elastic strain increment, pε  is the plastic strain increment, thε  is the thermal strain 
increment and ssptε  is the strain induced by solid-state phase transformations. 
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The elastic constitutive law defines a linear relationship between the stress tensor and the strain 
tensor. Thus, the resulting stress from the elastic strain is expressed as: 

e e:=σ C ε , (18) 

where Ce is the fourth-order material stiffness tensor (Elastic moduli). Assuming a linear isotropic 
elastic material, the stiffness matrix Ce can be calculated from the Young’s modulus (E) and the 
Poisson’s ratio (ν). 

Considering an associated flow rule in the plasticity model, the plastic strain increment is given 
by: 

( )p F
λ
∂

∆ = ∆
∂
σ

ε
σ

, (19) 

where ∆λ is the plastic multiplier increment, calculated through the consistency condition, and F(σ) 
is the yield criterion. The plastic behavior is also assumed as isotropic and described by the von Mises 
yield criterion and a perfectly plastic law. 

The material expansion/contraction due to heating/cooling is accounted in the thermal strain 
increment. Nevertheless, since the material can undergo solid-state phase transformations, their effect 
must be removed from the thermal strain increment, yielding: 
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f f f f T

I
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ε

I

I

, (20) 

where αα and αβ are the linear thermal expansion coefficients of the α and β phases, respectively, Δfα,m 
is the increment of volume fraction of α phase from the martensite decomposition transformation and 
I denotes the second-order identity tensor. In this study, we consider that α and α’ have the same 
value of linear thermal expansion coefficient. This assumption is valid since the lattice parameters of 
the α and α’ phases are similar [22]. The last branch of Eq. (20) allows the calculation of the thermal 
strain if either one of the α → β or α’ → α + β transformations occur or if they occur sequentially. 

The incremental strain induced by a solid-state phase transformation is given by: 

sspt V ( ) ( )∆∆ = ∆ iT f Tε ε , (21) 

where ɛΔV is the strain induced by the volumetric change associated with a full solid-state phase 
transformation and fi(T) is the phase volume fraction occurring in a time increment. The former can 
be determined from the unit cell volumes of the crystal structures of the phases involved in the solid-
state phase transformation. For the α → β transformation: 

33
β αV

3
α

∆
−

=
V V

V
ε , (22) 

where Vα and Vβ are unit cell volumes of α and β phases, respectively. Due to the similarities in lattice 
parameters, the values of Vα are adopted for the unit cell volume of the α’ phase. In this work, the 
model considers the temperature-dependent values of Vα and Vβ determined by Elmer et al. [23]. 
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Finite element Model 

The numerical simulations were carried out with the in-house finite element code DD3IMP, 
originally developed to simulate sheet metal forming processes [24]. The solution of the transient 
heat conduction problem is obtained by time integration using the Euler’s backward method [25]. 
The evolution of the deformation is described by an updated Lagrangian scheme. In each increment, 
an explicit approach is used to calculate a trial solution for the deformation, which is iteratively 
corrected using a fully implicit Newton–Raphson scheme. The same finite element mesh is adopted 
in the thermal, metallurgical and mechanical problems (consisting of only 8-node hexahedral 
elements). However, full integration is adopted in the thermal problem, while the mechanical problem 
uses the selective reduced integration technique [26] to avoid volumetric locking. 

Problem conditions. The proposed numerical model comprises a simple cube with 50 mm of side 
length, which is modelled with a single finite element in order to obtain uniform temperature and 
phase volume fraction fields in the whole domain. The cube is initially in powder state and is 
subjected to two sequential heating/cooling cycles via the imposition of heat fluxes in two opposite 
faces, as illustrated in Fig. 1 (a). 

Four numerical simulations were carried out, considering the initial temperature of the material as 
25 ºC. The values of the heat fluxes (Q1 to Q4) and the corresponding time for their application (t1 to 
t4) are listed in Table 1. Under these conditions, the temperature profile presented in Fig. 1 (b) is 
obtained, with two sequential heating/cooling cycles. The effect of the solid-state phase 
transformations on the numerical solution is neglected in simulations 3 and 4, assuming either the 
thermal expansion coefficient of the α or β phase, respectively. Thus, the volume change in the 
simulations is different. Therefore, the areas of the faces where the heat fluxes are imposed are slightly 
different at the beginning of each cooling and reheating cycle, requiring small changes in the 
prescribed heat flux to obtain the same temperature evolution. 

Table 1 – Heat flux [W/mm2] and time [s] associated to each heating and cooling cycle. 

 Q1 Q2 Q3 Q4 t1 t2 t3 t4 
Simulation 1 57.7 100.54 0.1891 11.82 1 2 252 256 
Simulation 2 57.7 6.657 1.8715 47.10 1 16 41 42 
Simulation 3 57.7 101 0.1895 11.85 1 2 252 256 
Simulation 4 57.7 99.9 0.1862 11.65 1 2 252 256 

 

 
 

(a) (b) 
Fig. 1 – Numerical model: (a) Imposed boundary conditions; (b) Obtained temperature profile. 

Material properties. Three material phases (powder, liquid and solid) were considered in the 
simulations. The powder material switches to liquid when the temperature rises to the melting point 
(1650 ºC) and the liquid solidifies when the temperature cools below the melting point. Since the 
main focus of the study is to predict the volume fractions of the solid phases and its influence on the 
volume change strain (in combination with the thermal strain), all solid material properties were 
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considered temperature-independent, except the thermal expansion coefficient. The material 
properties considered temperature independent in the numerical simulations are listed in Table 2. The 
physical and mechanical properties adopted in the simulations for the solid and liquid Ti-6Al-4V 
were taken from [27] and [28], respectively. The physical properties of the powder were taken from 
[29]. Regarding the mechanical strength of the powder and liquid phases, they are considered very 
weak, using values of Young modulus and yield strength (σY) about 0.1% of the corresponding solid 
material’s values. Note that the mass density of the powder phase is 60% of the solid phase, due to 
the assumption of 0.6 for the packing factor of the powder bed [30]. 

Fig. 2 presents the temperature dependent thermal expansion coefficients for the α and β solid 
phases (calculated from the lattice parameters experimentally determined by Elmer et al. [23]). The 
thermal expansion of the powder and liquid phases is neglected in the present study. Simulation 3 
uses the thermal expansion coefficient of the α phase while simulation 4 uses the thermal expansion 
coefficient of the β phase. Since generally the microstructure contains both phases (note that we 
consider that α and α’ have the same value of linear thermal expansion), this allows to estimate the 
limits of the material’s volume change. 

Table 2 – Temperature independent material properties of Ti-6Al-4V. 

Property Solid Powder Liquid 
ρ [kg/m3] 4420 2652 4189 
cp [J/kg·K] 546 520 759 
k [W/m·K] 7.0 0.145 28.4 
E [GPa] 125 0.125 0.125 
ν [-] 0.34 0.34 0.34 
σY [MPa] 1000 1.0 1.0 

 

 
Fig. 2 – Temperature dependent thermal expansion coefficients for the α and β solid phases. 

Results and Discussion 

Fig. 3 presents the evolution of the volume fraction of each solid phase for simulations 1 and 2. 
The first heating cycle (1 s) is common to both simulations, corresponding to the heating of the 
powder phase past the melting point. During this heating and the cooling down to the melting point 
there are yet no solid phases. When the temperature drops below the melting point, the microstructure 
consists 100% of β phase. In simulation 1, since the cooling rate of the first cooling cycle is higher 
than 410 ºC/s, the microstructure at room temperature (t2 = 2 s) consists almost entirely of α’, 
containing also a residual volume fraction of β phase. In simulation 2, this critical cooling rate is not 
reached and, thus, there are only α and β phases at room temperature (64% of β and 36% of α, for t2 
= 16 s). The second heating cycle promotes martensite decomposition in simulation 1 (t3 = 252 s), 
while no transformation occurs in simulation 2 (t3 = 41 s), since the volume fraction of β is larger than 
the corresponding equilibrium volume fraction. In simulation 1, the second cooling cycle promotes 
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the β → α transformation, although only in a small percentage, due to insufficient time for diffusion. 
In simulation 2, the critical cooling rate is exceeded and the formation of α’ is promoted in the second 
cooling cycle. The final microstructure of simulation 1 consists of 94.430% of α’, 0.420% of β and 
5.150% of α, while in simulation 2 there is 55.253% of α’, 8.973% of β and 35.774% of α. 

  
        (a)            (b) 

Fig. 3 – Predicted solid phase volume fractions: (a) Simulation 1; (b) Simulation 2. 

  
           (a)            (b) 

Fig. 4 – Predicted material volume change relative to the initial volume: (a) During the complete 
simulation; (b) Between t = 1 s and t = 3 s. 

Fig. 4 shows the evolution of the cube’s volume change relative to its initial volume for each 
simulation. The results of simulations 1 and 2 account for the thermal strains and the phase 
transformation strains, while the results of simulations 3 and 4 only consider thermal strains. During 
the first heating cycle and subsequent cooling down to the melting point, there is no thermal expansion 
in any simulation. In the remaining portion of the first cooling cycle, the thermal strain controls the 
volume evolution since the solid material contracts as it cools down. However, in simulation 1, the β 
→ α’ transformation is responsible for the material expansion from 1.65 s to 1.75 s. Once the 
transformation is almost completed, the material contracts until the end of the cooling cycle. In the 
second heating cycle, the solid material expands as the temperature increases (in all simulations). 
During the last cooling cycle, the material contracts as it cools down. Nonetheless, in simulation 2, 
between 41.25 s and 41.45 s, the β → α’ transformation promotes material expansion. Simulation 4 
shows some small oscillations in the volume change curve, which do not appear in simulation 3. This 
is due to the accentuated variation of the thermal expansion coefficient of the β phase (see Fig. 2). 

For this particular thermal history, if the material was in solid state at the beginning, simulations 
3 and 4 would have a relative volume change of zero after the thermal cycles (at t = 256 s). However, 
under the adopted conditions, at the end of the thermal cycles, simulations 3 and 4 have a residual 
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volume change of -6.4% and -11.1%, respectively. On the other hand, due to the effect of the solid-
state phase transformations, simulations 1 and 2 show -7% and -7.5% of residual volume change, 
respectively. Since in simulations 1 and 2 the combined volume fractions of α’ and α represent the 
majority of the microstructure, the predicted relative volume change is close to the one of simulation 
3, which assumes 100% α phase. Although the example studied is very simple, it highlights that not 
predicting the microstructure evolution and its influence on the mechanical behavior can lead to 
incorrect estimation of the material’s volume change. Changing the heating/cooling rates in 
simulations 1 and 2 resulted in completely different final microstructures, which showed a 0.5% 
difference on the material’s volume change relative to its initial volume. Assuming a linear elastic 
behavior, this would correspond to a stress increment of approximately 200 MPa if the material was 
fully constrained. Under much more complex thermal histories, such as the ones associated to the 
SLM process, not predicting solid phase fields can potentially introduce significant errors in the 
estimation of the strain and stress fields. 

Conclusions 

In this work, a thermo-metallurgical-mechanical model is developed to predict the microstructure 
evolution of the Ti-6Al-4V alloy and its impact on the material’s volume change (via thermal and 
phase transformation strains). Three solid phases are considered in the metallurgical model: α, β and 
α’. All material properties with exception of the thermal expansion coefficients are assumed 
temperature independent. The physical domain is meshed with a single finite element and two 
sequential heating/cooling cycles are applied, via heat fluxes, to obtain the desired temperature 
evolution (same temperature variation on all simulations). Four simulations are carried out, two 
considering phase-transformation induced strains and two only accounting for thermal strains. 

The numerical results highlight the importance of microstructure prediction for an accurate 
estimation of the material’s volume change. Without solid-state phase transformations, simulations 
considering the thermal expansion coefficient of the α and β phases have a residual volume change 
of -6.4% and -11.1%, respectively. In the simulations that account for solid transformations, changing 
the heating/cooling rates yielded completely different final microstructures. Consequently, the 
predicted volume change of the material relative to its initial volume showed a 0.5% difference, which 
would correspond to a stress increment of approximately 200 MPa if the linear elastic material was 
fully constrained. 
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